Introduction
Recent results regarding the boron-oxygen defect in compensated p-type silicon [1] [2] [3] [4] and n-type silicon [5] [6] [7] [8] have shaken up the traditional model [9] [10] [11] of the boron-oxygen defect. It is now known that the defect formation kinetics do not depend on the acceptor concentration in compensated p-type silicon but rather on the hole concentration. This has triggered the development of new models for the physical composition of the boron-oxygen defect. [12] [13] [14] [15] [16] However, there is a lack of data to ascertain the validity of one model over the other and to allow for accurate modelling of the defect formation kinetics. [17] [18] [19] [20] In this study we present new data on the effect of bias, light and temperature on the formation kinetics of the boronoxygen defect in compensated n-type silicon. 5, 6) We confirm that the kinetics depend strongly on the hole concentration (minority carrier density in compensated n-type silicon). 21, 22) We also study the kinetics at fixed bias (fixed excess carrier density) rather than at fixed illumination. We show that at similar hole concentrations the kinetics are slower in n-type silicon compared to p-type silicon. Based on our analysis, we suggest that the frequency factor for defect formation may be lower in n-type silicon compared to p-type silicon.
Experimental methods

Measurements details
The cells used in this study were 2 × 2 cm 2 in size, with random pyramid texturing on the front surface, full-area front boron diffusion and local (etched-back) phosphorus diffusions. The net dopant density of the cells was n 0 = 1. 25)
The cells were degraded using a white halogen lamp and cooled with a Peltier module. The open-circuit voltage (V OC ) was measured using a light current-voltage (I-V) tester. The effective defect density was calculated as 9) N VOC ðtÞ exp À qV OC ðtÞ
To ensure that the degradation is purely due to the boronoxygen defect and not to other parameters such as surfaces or contacts, a control cell made from float-zone (Fz) electronic grade silicon was illuminated in parallel. No significant degradation was observed.
Fitting procedure
The effective density was fitted with a double exponential, reflecting the formation of the fast and slow forming defect.
The rate constant β can be expressed as 11)
with p the total hole concentration and E A the activation energy for the formation of the defect and g the frequency factor. Table I shows the value of the activation energies and rate constants from Ref. 9 . In order to better fit the data in compensated n-type silicon, the rate constant is modified in the literature as 15) With a, injection-independent and determined as a = 2 × 10 14 cm −3 .
15)
In this paper, the use of Eqs. (4) and (5) makes little difference as the hole concentration in our samples during BO generation is 1 order of magnitude above the factor a. Thus, the factor f is essentially 1 or close to 1.
Estimation of the injection level during BO activation
In order to estimate the excess carrier density during BO activation, we use the V OC measured at 1 Sun to determine the effective lifetime at 1 Sun and thus an effective defect density. Using this effective defect density and knowing the capture cross section ratio of the BO defect in n-type silicon, 26) we can then simulate the excess carrier density at open circuit for a range of temperatures and light and intensities. To do this we used the cell parameters from 23) and the QSSCell tool. 27) Table II shows the determined excess carrier concentration during BO generation. Contrary to previous work 7) and as shown by others, 8, 28) the boron-oxygen defect is indeed a two stage decay in compensated n-type silicon.
From Eq. (3), the rate constant increases with the hole concentration, e.g., the greater the hole concentration the faster the reaction. However, our experimental data in Table III shows that the rate constants are reduced by a factor of 55 and 72 for the fast and slow forming defect in n-type silicon when compared to p-type silicon, even though the hole concentration is higher in n-type silicon (due to a much stronger illumination source 15 Suns for the n-type as opposed to 0.1 Sun for the p-type cell). This is confirmed in Fig. 1(b) which shows the effective defect density as a function of illumination time for the p-and n-type cells. Both the fast forming and slow forming defects form faster in the p-type cell than in the n-type cell. When fitting the defect density in p-type silicon with the frequency factor and activation energy from Table I , the fit follows the experimental points (dashed blue line). However, when fitting the kinetics in the n-type samples, the modelled reaction is two orders of magnitude faster (dashed red line) than the experimental data. Contrary to Ref. 8, we are not able to fit the kinetics with the activation energies in Ref. 11 .
Assuming Eq. (3) applies to n-type silicon, the lower kinetics in n-type silicon could mean either the frequency factor or the activation energy is different in n-type silicon (or both). In order to better fit the data, we used two scenarios where we changed either the frequency factor or the activation energy. The fitting parameters are shown in Table IV . Figure 1 (b) (full red line) shows the fitting when assuming a different set of frequency factors Option II of Table IV . One can also use a different set of activation energies as shown in Option I of Table IV , to obtain a similarly good fit (not shown here for clarity). Table I . The full line is a fit using a two stage activation process with a lower frequency factor (Option II of Table IV) . ) of the slow and fast forming defects in p-and n-type silicon with similar hole concentration. shows the effective defect density as a function of duration under illumination of intensities 1 Sun, 7 Suns, and 15 Suns at 25°C. This reveals that the defect formation kinetics of both the slow and fast forming defect accelerates with excess carrier density (light intensity or forward applied bias). The fit is done using experimentally determined excess carrier hole concentrations, together with Eqs. (2) and (3) with the new frequency factor (Table IV) . The relatively good fit confirms that the reaction rate increases with the hole concentration validating the use of Eq. (3) (with activation energy from Table IV) .
Note, here the hole concentration changes slightly during activation. This can be seen in the apparent decrease of the formation rate of the fast forming defect in the n-type cells as the defect forms. To account for this we show the upper bound and lower bound of the fit with initial and final hole concentrations (shown as colored bands). Figure 3(b) shows the effective defect density as a function of duration under forward bias voltages of 694, 659, and 400 mV. As for the light intensity, the fit is done using experimentally determined excess carrier hole concentrations together with Eqs. (2) and (3) with the new frequency factor (Table IV) . Using a bias voltage is potentially a better way of measuring the fast forming defect reaction as it pins the excess carrier density at a fixed value throughout the degradation. However, the series resistance affects the applied bias strongly in our cells so the applied bias referred to throughout the text is the real applied bias minus the voltage drop through the series resistance of the cell V applied = V real,applied − R S I. Uncertainties in determination of the series resistance leading to in uncertainties in the fit are also represented with colored bands.
Impact of temperature
One way to discriminate between variations in activation energy or frequency factor is to examine different temperatures. Figure 4(a) shows the open circuit voltage as a function of duration of illumination time at 25, 50, and 80°C. Figure 4 (b) shows the effective defect density as a function of illumination time at 25, 50, and 80°C. Increasing the temperature accelerates the formation kinetics of both the slow and fast forming defect. In this graph fitting the data with a lower frequency factor and keeping the original activation energy (Option II in Table IV ) leads to a reasonable fit at three temperatures. In principle the activation energy should not change with temperature. This means the frequency factor for boron-oxygen defect formation is likely to be lower in compensated n-type silicon compared to p-type silicon.
Discussion
In this paper, we have focused on two obvious options to Table IV ). Due to the uncertainty in the determination of the excess carrier density, bands are also included representing the fit obtained with upper and lower value of excess carrier densities.
explain our results: either the frequency factor is lower in n-type silicon or the activation energy is higher in n-type silicon. A third option may be that Eq. (4) is indeed valid but that the factor a is doping dependent as suggested in Ref. 15 . Our sample set consists of cells with similar net doping, so by reworking Eq. (4) if we plot the results of Eq. (6) we should obtain a unique value regardless of excess carrier density during illumination. Figure 5 plots the factor a as a function of excess hole concentration during BO generation using the standard value of g fast and E Afast from Table I . The fact that the factor a changes linearly with injection level demonstrates that it may not suitable to model the reduced defect formation rate in compensated n-type silicon. Instead, using a different frequency factor as shown above allows to predict the BO formation kinetics in our samples more accurately.
To explain the slower kinetics in compensated n-type silicon, Ref. 15 suggested that a backward reaction from the fast recombination center to a latent center takes place, reducing the overall reaction rate. Our results are consistent with the mechanism suggested in Ref. 15 , however we are not able to fit our data using a single value of the factor a in Eq. (4). Instead we are able to fit the reduced reaction rate with a reduced frequency factor accounting for the backward reaction with a reduced "total" reaction rate. Assuming that the backward reaction requires electrons to take place, it is likely that the frequency factor will depend on the injection level or the doping. This means that at low to medium injection levels, the frequency factor would only depend on the net doping in compensated n-type silicon, hence, one value of frequency factor fits all the data in this paper. Option II from  Table IV ). Due to the uncertainty in the determination of the series resistance and hence the excess carrier density, bands are also included representing the fit obtained with upper and lower value of excess carrier densities.
However, at higher injection levels the frequency factor may change as the excess electron concentration outweighs the equilibrium electron concentration. Further studies are needed to confirm this hypothesis.
Conclusions
Our results suggest that the slower kinetics of both the fast forming and slow forming defects in compensated n-type silicon may be due to a lower frequency factor for defect formation. This has significant implications for permanent defect deactivation in compensated n-type silicon, as it means that the defect deactivation will be slower in n-type silicon. More generally, this may mean that electrons play a role in the backward reaction from the fast recombination state to a latent state and that the frequency factor will be injection dependent (excess electrons) and doping dependent (equilibrium electrons) in compensated n-type silicon. More data is required in highly injected n-type silicon to better understand the doping and excess carrier dependence of the frequency factor.
